We describe a simple heterodyne laser interferometer that has subnanometer periodic errors and is applicable to industrial fields. Two spatially separated beams can reduce the periodic errors, and the use of a right-angle prism makes the optical configuration much simpler than previous interferometers. Moreover, the optical resolution can be enhanced by a factor of 2, because the phase change direction is opposite between reference and measurement signals. Experiments have demonstrated the periodic errors are less than 0.15 nm owing to the frequency mixing of the optical source. The improvements for reducing the frequency mixing of the optical system are also discussed. © 2009 Optical Society of America OCIS codes: 120.3180, 120.3930, 120.3940.
The periodic errors limit the accuracy of heterodyne laser interferometers because they deteriorate the purity of the interference signals [1] . Since the periodic errors of the laser interferometers were first predicted [2] , research pertaining to theoretical models and compensation techniques has been investigated and reported [3] [4] [5] . Recently, a real-time first-order periodic error correction technique was validated under various experimental conditions indicating that the remaining periodic error is at the subnanometer level [6] . In addition to compensation methods, nonpolarizing optical configurations to eliminate the periodic errors have been designed [7] [8] [9] . The common feature of these interferometers is to use spatially separated beams that have different frequency components. Essentially, the polarization states are never mixed; thus the nonlinearity can be significantly reduced. However, the optical setups are complicated because both beams propagate separately, which requires additional optical components [7] . Although several designs have been reported with heterodyne interferometers using an acousto-optic frequency shifter (AOFS) as a beam splitter [8, 9] , the small AOFS diffraction angle and their specific configurations limit the applicability for displacement measurements.
In this research, a simple and industry-adaptable heterodyne laser interferometer designed to significantly reduce periodic errors is proposed and tested. The periodic errors are essentially caused by splitting and recombining two nonideal beams using polarizing optics that are both nonideal and are sensitive to alignment. To eliminate the periodic errors in the optical configuration, two beams with different optical frequencies should be spatially separated to avoid the frequency and polarization mixing. Figure 1 shows the optical configuration that was employed in this investigation. An optical source provides two parallel beams to the interferometer, where each beam has the same polarization state but has different optical frequencies f 0 and f 0 + f s , respectively. While the RR is moving the measurement beams are phase shifted, caused by the Doppler frequency shift, and are measured by PD 1 and PD 2 . In this case, the heterodyne signals from the photodetectors provide the same amplitude, but the phase shift direction is in the opposite direction between the two signals. Thus the two interference signals from PD 1 and PD 2 can be expressed by cos͑2f s t −2k⌬L͒ and cos͑2f s t +2k⌬L͒, respectively, where k is the wavenumber and ⌬L is the displacement of the target RR while it is moving. When the phase difference between the signals from PD 1 and PD 2 is measured, the total phase difference is 4k⌬L, which is an effective optical resolution of four. The beams are spatially separated, and the optical paths are not overlapped in the interferometer; therefore no leakage of light is detected except ghost reflections. It should be noted that ghost reflections can be minimized by proper antireflection coatings and alignment techniques. Moreover, polarizing optics, which can generate the frequency and/or polarization mixing, are not used. This interferometer is totally insensitive to the misalignment of optical components, although careful attention is required in the initial alignment owing to the prism.
To validate the effectiveness of the proposed interferometer, we performed feasibility experiments with a commercial heterodyne laser (Axiom 7701, Zygo Corp.) as an optical source, as shown in Fig. 2 
where 1 is the leakage ratio from the laser and the PBS, and 2 is the leakage ratio of the AOFS. In Eq.
(1) and [7] , the leakage term causing the phase error is 1 2 exp͓j͑2f 2 t͔͒ and the phase error ͑d͒ and the amplitude change ͑dR / R͒ are expressed from the phase quadrature measurement method in [7] as
From Eq. (2), the phase error is correlated with the amplitude change and the periodic error cycles at half the fringe frequency because the measured phase is 4k⌬L. Figure 3 shows the measurement results of the periodic error in the system and the Fourier transformed result. The amplitude and the phase were measured by a commercial lock-in amplifier (5210, Signal Recovery), while the RR was moved by a piezoelectric stage. The overall periodic errors were calculated using Eq. (2) to be estimated below 0.15 nm in Fig. 3(a) , and the dominant periodic error was caused by the ratios 1 and 2 with half the period frequency and the amplitude of ±33 pm in Fig.  3(b) . The sources of remaining peaks with the period frequency in Fig. 3(b) are from the parasitic reflection of the optical components and electrical demodulation noise. To fully verify the theoretical elimination of periodic errors, the laser source must be free from frequency mixing. Employing two AOFSs with different frequency shifts has been shown to remove the frequency mixing [7] . This laser system, however, increases the overall cost, which is not desirable for both research and industrial fields. A frequencystabilized and an offset-locked laser set is another potential alternative to improve the performance of the interferometer, although the phase jitter noise between the two lasers remains [10] .
An alternative scheme to obtain two parallel beams with minimal frequency mixing is shown in Fig. 4 . The laser source is a two-longitudinal mode He-Ne laser tube that has approximately 600 MHz frequency difference, f 2 − f 1 , and orthogonal polarization states. This initial beam is split into two by a PBS and the reflected beam, f 1 , passes through a polarization sensitive AOFS ͑␦f ϳ 300 MHz͒, where the diffracted beam is orthogonally polarized to the input beam. It is reflected by a mirror passing through a quarter-wave-plate (QWP) twice and then back through the AOFS. This beam then passes through the initial PBS and into a fiber coupler. Even though the leakage beam reflected by the PBS goes back to the laser tube, the laser stabilization is not affected owing to the shifted optical frequency [9] . The second beam from the source, f 2 , passes through the initial PBS and into a fiber coupler. Two fiber splitters are used, and one arm from each set is combined with a second into one fiber coupler to recombine the beams to provide feedback control to obtain a stabilized frequency. The heterodyne frequency is then f 2 − ͑f 1 +2␦f͒, and it is used for frequency stabilization. The orthogonality of the two longitudinal modes, polarization characteristic of the AOFS and passing through the AOFS twice, should reduce the ratio of leakage frequency components.
To summarize, a simple heterodyne laser interferometer was proposed to remove the periodic error inherent to laser interferometers. The reference and measurement beams are spatially separated to prevent any frequency mixing, and the use of a right-angle prism makes it possible to construct a simple interferometer setup and enhance the optical resolution by a factor of 2. Experimental results showed the periodic error to be less than 0.15 nm, which was dominated by the frequency mixing of the optical source. Several options for alternative optical sources to reduce the frequency mixing were also proposed and discussed.
